ABSTRACT It is well known that high step-up converters are eagerly required in solar energy systems to boost up low voltage for connecting grid voltage. Therein, traditional multi-cell hybrid switched-inductorcapacitor (TnHSLC) cell based high-step-up converters (HSCs) are one of the popular techniques. Despite its popularity, this type of converters still bears their intrinsic disadvantages, lower voltage gain, high diode current and low efficiency. In this study, we propose a novel n-Switched-Cell (nSC)-based HSC, which utilizes same components as the existing TnHSLC but with a different topological structure. Specifically, a 4SC HSC prototype is built in this study, and extensive simulations and experiments are conducted to validate the theoretical analyses. It is demonstrated that the proposed novel nSC topology requires same amount of electronic components as TnHSLC, but yields a higher voltage gain, lower diode current, and a higher efficiency. The proposed nSC approach therefore will have wide applicability and economic benefits in the industry.
I. INTRODUCTION
Power grids around the globe are currently experiencing an unprecedented transformation as the amount of electrical energy generated by renewable energy sources increases at a dramatic pace. With this backdrop, it is of critical importance to ensure the enabling technologies are up-to-date, which motivates the innovation in power electronics technologies [1] . Particularly, multi-stage converters are usually employed in renewable energy systems [2] to regulate the output voltage level of a renewable source, such as photovoltaic (PV) system or fuel cell stacks [3] . In particular, twostage inverters are utilized to boost the low DC voltage from a PV system (20-40 V) to 200 V, which will then be converted to AC voltage through a power inverter [4] .
A diverse range of high-step-up techniques have been proposed by a number of researchers, including SwitchedInductor (SL) technique [5] , Switched-Capacitor (SCap)
The associate editor coordinating the review of this article and approving it for publication was Liu Hongchen. technique [6] , Hybrid Switched-Inductor-Capacitor technique (HSLC) [7] - [9] , Active-Switched-Inductor (ASL) technique [10] , and Z-source technique [11] . A summary of these techniques is shown in Fig. 1 , and the voltage gains when applying these techniques to a boost converter are shown in the theoretical gains; in reality, with the effects of parasitic parameters, these gains may be limited and may not satisfy certain Ultra-Step-up (US) conversion.
To achieve US functions, advanced approaches have been proposed [12] , which include multi-cell approach [13] , [14] , component cascading approach [15] , series-connected output approach [16] , [17] , component interleaving approach [18] , coupled-inductor technology [19] - [22] , and Resonant technology [23] , [24] . References [19] , [23] , [24] give a detailed presentation of coupled-inductor technology and LLC converter. Due to the unique features of these techniques, they can be synergistically combined to realize a desired voltage gain. However, with an increased number of components, most of these approaches complicate the circuits for the purpose of achieving high voltage gains. For example, coupled-inductor technology can be applied to a basic cell or multi-cell techniques with additional components for voltage pumping. It results in a higher cost and difficulty in developing control strategies, leading to economic inviability and instable electronic systems. Authors in [25] proposed a single-switch based multi-cell approach, aiming to simplify the circuit structure and increase the effectiveness of control mechanism, which however requires sophisticated design in the cells.
As shown in TABLE 1, only SL, SCap, and HSLC in the aforementioned cells can be applied in multi-cell technology, therein, the multi-cell SCap-Boost (nSCap-Boost) [26] and multi-cell HSLC-Boost (nHSLC-Boost) [27] have the same voltage gain. However, as the number of cells increases, the inductor currents and volume of nSCap-Boost become increasingly large, which hinders its large-scale applications.
The combination of HSLC and multi-cell techniques, named traditional multi-cell hybrid switched-inductorcapacitor (TnHSLC), which we brand Traditional multicell Hybrid Switched-Inductor-Capacitor, or TnHSLC in this study, has been an effective solution to the problem. TnHSLC can not only achieve high voltage, but also have simple topological structure and control mechanism. Nevertheless, the TnHSLC converters will suffer substantial current stresses as the number interconnected cells significantly increases, which results in high cost, high power loss, and low stability of the electronics systems. This is one of the main issues that impede the broad applications of TnHSLC in the industry.
Structure of TnHSLC cell is shown in the dashed circle in Fig. 2 , where the TnHSLC is applied in a boost converter. Therein, TnHSLC consists of n identical inductors, n − 1 identical capacitors, and 2(n − 1) diodes. Fig. 7(a) shows . . , C n−1 when Q is on, which will finally result in high conduction losses and low voltage; Moreover, this situation will become worse as the number of cells increases. Hence, there are some shortages of this structure, i.e., high current stresses on diodes; low efficiency; and low voltage gain.
Having well understood the drawbacks of the TnHSLC, in this study, we propose a novel n-Switched-Cell, or nSC, -based voltage conversion technique, for the purpose of realizing a high voltage gain and at the same time minimizing diode currents. All the inductors, diodes, and capacitors in switched-cell have low current stress, making the cost and volume of physically realizing these converters low. Moreover, the proposed nSC is easy to transplant with a simple structure.
The rest of this paper is organized as follows. The proposed nSC-HSC structure is detailed in Section II. Section III presents a thorough comparison between the traditional TnHSLC and the proposed nSC approaches, including main parameters, actual voltage gains, and efficiency. Section IV explains the design of important parameters of the proposed topology. To verify the effectiveness, simulations and experiments are presented in Sections V and VI, respectively. Finally, a conclusion is drawn in Section VII. Fig. 3 shows the topological structure of the proposed nSC, which has the same components as TnHSLC but with different structure. The proposed nSC is applied in a boost converter in this study to show its functionality, and we name it the nSC-Boost. Its schematic is shown in Fig. 3 .
II. TOPOLOGY OF THE PROPOSED N -SWITCHED-CELL
Compared to the TnHSLC, the proposed nSC can not only reach higher actual voltage gain but also have reduced diode currents, i.e., all the diode currents in nSC are only I L + I C on even with an increasing number of cells. Due to the reduced diode currents, an nSC-Boost can achieve higher efficiency than TnHSLC-Boost. In addition, the voltage across each capacitor in the proposed structure is equal to V in , which means that small-volume capacitors can be selected in the proposed converter. The detailed analyses are presented as follows.
A. OPERATIONAL ANALYSIS
To simplify the analysis, the following assumptions are made, i.e., all the components are ideal; all the capacitances of capacitors are large enough to have constant voltages at steady states; all the inductances of inductors are large enough to have constant currents at steady states; and assume
In order to compare the performances of nSC-Boost and TnHSLC-Boost, the CCM of nSC-Boost is discussed as follows.
Denote d as duty cycle of switch Q, and t 0 , t 1 , t 2 as the beginning of one period, the mode transition instant from Mode 1 to Mode 2, and the end of the period, respectively. The waveforms of nSC-Boost in CCM are shown in Fig. 7 
. ., and D n−1 (D n ), and i C 1 (= . . . = i C n−1 ) is current of C 1 (. . . , C n−1 ), respectively. In order to describe the differences of diode currents between nSC-Boost and TnHSLC-Boost, all diodes in Fig. 7 are marked with distinct colors; It is obvious that as the number cells rises, the i D 1 (= i D 2(n−1) ) increases significantly for TnHSLC-Boost, whereas the same current remains low and unchanged for the proposed nSC-Boost, which equals I L + I C on .
As depicted in Fig. 4(a) , the switch Q and the diodes
are on, while the diode D 2n−1 is reverse biased. The inductors and capacitors store energy in parallel from DC source, and the corresponding voltages are
where
. . , L n and input source, respectively; and
As shown in Fig. 4(b) , the switch Q and the diodes 
Applying the volt-second balance principle to the inductor L 1 , one has
yielding
Eq. (5) is the ideal voltage gain of nSC-Boost which is the same as that of TnHSLC-Boost.
B. DIODE CURRENT
Compared to the diode currents of TnHSLC-Boost, the diode currents of nSC-Boost are obviously lower, which can be seen in Fig. 7 . Moreover, the corresponding diode currents are marked with different colors in Figs. 7(a) and 7(b), which demonstrate the superiority of the proposed nSC-Boost over the TnHSLC-Boost.
C. BOUNDARY CONDITION ANALYSIS
In order to well analyze the performance of the proposed converter, different operation conditions are derived in this subsection. 
1) DERIVATION OF CCM/DCM BOUNDARY
Equivalent circuits and key waveforms of the proposed converter in DCM are described in Figs. 4 and 5, respectively. According to DCM equivalent circuit of Fig. 4(c) , the voltage of inductor L 1 , v L 1 , can be written as
(t 2 -t 3 ).
According to Fig. 5 and (6), the peak-to-peak current of an inductor I L reads
While the current of capacitor C o in CCM is
In terms of the ampere-second property of C o , the average current of inductor can be derived as
Then, one can obtain the DCM boundary condition as
Substituting (7) and (9) into (10) results in
where K = 2L 1 /(RT ), and it is a normalized coefficient to identify the operation modes. When K > K crit (d), the converter operates in CCM; otherwise, it works in DCM. Further, curves of CCM/DCM boundary voltage gain on a 4-Switched-Cell Boost converter are described in Figs. 6(a) and 6(b) as an example.
2) DERIVATION OF VOLTAGE GAIN IN DCM
Note that the voltage gain G in DCM is different with a diverse range of d and K . In order to give an accurate guidance for practical application, the voltage gain in DCM is deduced as follows. According to the volt-second law of inductor L 1 in DCM, the duty cycle of Mode 2 in DCM, d 1 , can be derived as
Since the average current through the output diode is equal to load current I o , one has
In terms of (7), (12), and (13), the output-voltage gain in DCM can be derived as
III. ADVANTAGES OF THE PROPOSED N SC-BOOST OVER THE T N HSLC-BOOST
In this section, the comparison of main parameters, actual voltage gain, and efficiency of traditional TnHSLC-Boost and the proposed nSC-Boost are discussed. Particularly, 4SC-Boost and T4HSLC are used as an comparison pair in this section. Moreover, it is known that the power loss of a diode is mainly formed by conduction loss resulting from non-zero diode currents. Therefore, the conduction losses of diodes in nSC-Boost are lower than TnHSLC-Boost, which leads to a higher power efficiency.
A. MAIN VARIABLES FOR IDEAL T N HSLC-BOOST AND N SC-BOOST

B. ACTUAL VOLTAGE GAINS CONSIDERING PARASITIC PARAMETERS
Parasitic parameters in power electronics circuits can drive the actual voltage gain away from the ideal value. These parameters include diode forward voltage (V D ), diode conduction resistor (R D ), winding resistor of inductor (R L ), ESR 
C. ACTUAL EFFICIENCY CONSIDERING PARASITIC PARAMETERS
Considering parasitic parameters, the efficiency of traditional TnHSLC-Boost and the proposed nSC-Boost are discussed VOLUME 7, 2019 as follows.
where P o = V 2 o /R and P loss = P L + P D + P S + P C are the output power and power losses of the converter. Therein, P L , P D , P S , and P C are accordingly power losses of inductors, diodes, switch, and capacitors, and their expressions are shown as follows.
where I L and R L are the RMS current of inductor and the parasitic resistance of the winding inductor, respectively.
where I D k(av) and I D k are the average and RMS currents of diodes, respectively.
where P Q(con) and P Q(swi) are conduction and switching power losses of Q; I S is the RMS current of Q; V DS(off) , I S(on) , t on , and t off are the drain-source voltage of Q being off, current of Q being on, turn-on-transient and the turn-off-transient time intervals of Q, respectively.
where I C c and I C is the RMS currents of the capacitors in cell (C 1 , C 2 , . . . , C n−1 ) and the output capacitor C o . In order to compare the efficiency of TnHSLC-Boost and nSC-Boost, the same parameters are employed here and
ns, and t off = 121 ns. Their efficiencies are compared in Fig. 10 . It is obvious that the efficiency of 4SC-Boost is higher than T4HSLC-Boost in all conditions. Their different parts of losses are compared in Fig. 11 when their output powers P o are 100 W. Diode power loss of T4HSLC-Boost is greater than 4SC-Boost, which leads to a higher power efficiency of 4SC-Boost.
According to Fig. 11 , it is obvious that the main power loss of these two converters are from the losses of switches and diodes. Therefore, the efficiency of the overall prototype can be further enhanced by choosing better diodes with low forward voltage and switches with low on-resistance.
IV. PARAMETER DESIGN OF N SC-BOOST
The voltage stresses and current stresses of all components have been summarized in TABLE 4, and the parameter design will be discussed in this section. 
A. PARAMETER DESIGN OF SWITCHING DEVICES
Generally, the switch and diodes can be selected according to their voltage stresses and current stresses, as shown in TABLE 4, in order to keep them operating in a safe operating area.
B. PARAMETER DESIGN OF INDUCTORS 1) RATED CURRENT
The rated current of inductors can be calculated by the current of capacitor C. i C can be obtained as following equation:
In terms of the ampere-second property of C, we can have
2) RATED INDUCTANCE
The rated inductance of inductors can be designed based on the peak-to-peak current of L. The peak-to-peak current of L, i L pp , writes
and
where x L % is the given permitted peak-to-peak inductorcurrent ripple coefficient. According to (22) , (23), and (24), the inductance can be expressed as
C. PARAMETER DESIGN OF CAPACITORS 1) RATED CAPACITANCE Similar to the parameter design of inductors, The rated capacitance of capacitors can be designed based on the peak-to-peak voltage of capacitors, which is denoted by the given permitted peak-to-peak capacitor-voltage ripple coefficient x C %. The peak-to-peak voltage of nSC output capacitor v C cpp can be calculated as
According to (22) , (26) , and (27) , the rated capacitance can be expressed as
2) OUTPUT CAPACITOR Similarly, the peak-to-peak voltage of output capacitor, v C pp , writes
According to (22) , (26) , and (27) , the capacitance can be expressed as 
V. SIMULATIONS AND NUMERICAL RESULTS VERIFICATIONS
In order to verify the theoretical analysis, the proposed 4SC-Boost and the traditional T4HSLC-Boost are simulated the in PSIM environment. 
VI. EXPERIMENTATION VERIFICATIONS
Prototypes of the traditional T4HSLC and the proposed 4SC-Boost with parameters of TABLE 6 are built, as shown in Fig. 15 and tested in the condition depicted in Fig. 18 describes the dynamics of the proposed converter, therein, the output voltage stays nearly constant Fig. 19 where a detailed experimental data is also shown. Fig. 20 shows the experimental and ideal efficiency curves of V in = 20 V with efficiency shown in the embedded tables. In terms of the experimental data, it is found that the efficiency of nSC-Boost is approximately 5-6% higher than that of TnHSLC-Boost, which is a significant improvement for single-switch high-step-up converters. Fig. 21 shows the efficiency of the proposed 4SC-Boost converter with V in = 20 ∼30 V, V o = 200 V, P o = 100 ∼200 W. As can be seen from the figure, the efficiency increases as the input voltage rises. The above experimental results have shown great consistency with the theoretical analysis and simulations.
VII. CONCLUSION
A novel n-switched-cell modular topology has been proposed in this paper. The proposed nSC structure is employed to construct an nSC-Boost converter in this study as a typical application. Through theoretical analysis, simulation study, and experimental verification, the proposed nSC topology has demonstrated its advantages over the traditional TnHSLC and yields a 5-6% higher efficiency, 6-10% higher actual voltage gain, which is realized by identical electronics components. It thus can be concluded that the proposed nSC is a very competitive alternative to the traditional TnHSLC with a superior performance in high-step-up conversion, which is expected to have an extensive market potential in the industry.
